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FOCAL AND SEGMENTAL GLOMERULOSCLEROSIS (FSGS) is characterized by scarring and adhesions within the glomerulus and occurs in response to genetic defects of key podocyte proteins, viral illnesses, drugs, and hyperfiltration (12, 13) . Additionally, glomerulosclerosis is a common pathological feature of other proteinuric glomerular diseases, including diabetes, lupus, and IgA nephropathy (12) , and in the aged kidney (45) . Depletion of podocyte number, and the inability of these terminally differentiated epithelial cells to self-renew, are thought to be a major pathological basis of glomerulosclerosis (21, 47) .
Glomerular parietal epithelial cells (PEC) are a monolayer of small flat ciliated cells that line Bowman's capsule and surround the urinary space (46) . They form junctions with proximal tubular epithelial cells at the urinary pole, and podocytes at the vascular pole. Functionally, PECs form an impermeable barrier to filtered proteins through tight junctions and are involved in albumin uptake (10, 42) . In response to glomerular injury, PECs have the ability to migrate and proliferate (16, 26, 49, 52) . There is increasing evidence that the response of PECs to podocyte injury, and/or podocyte depletion, also contributes to glomerular scarring through their deposition of extracellular matrix as they migrate on to the glomerular tuft (15, 50 -52) .
Under certain circumstance, PECs may provide a progenitor population to replace damaged glomerular cells (46) . Appel and colleagues (5) identified transitional cells at the glomerular vascular stalk that exhibit features of both PECs and podocytes and the number of these transitional cells increases in response to glucocorticoids and retinoid treatment in FSGS, as well as in diabetes (4, 61, 62) , suggesting that a subset of PECs can change their phenotype in response to glomerular injury. More and more is being deciphered regarding PEC regulation: what signaling pathways are activated and what induces PECs to proliferate at the capsule to become a crescent (34) , migrate into the glomerulus to replete podocytes (15) , or secrete matrix and contribute to scarring (36) .
The mammalian target of rapamycin (mTOR) pathway regulates essential cellular processes, including translation, transcription, and autophagy in response to a wide variety of nutrient cues, including growth factors, amino acids, cellular energy content, and stress (27) . mTOR has been particularly well studied in the podocyte. mTOR activity in podocytes is increased in FSGS, diabetic kidney disease, IgA nephropathy, and minimal change disease (22, 28, 54, 58) . In experimental crescentic glomerulonephritis (GN), mTOR activity, measured by S6 ribosomal phosphorylation protein (pS6RP) expression was increased in podocytes and PECs early after induction of disease. The mTOR inhibitor everolimus administered early in this model leads to greater glomerular injury, while mTOR inhibition at a later time point reduced the development of crescents (31) . Genetic reduction of mTORC1 in podocytes prevented the development of diabetic nephropathy (28) , while deletion of the TSC1 gene, a negative regulator of mTORC1, leads to constitutive mTORC1 hyperactivation, resulting in diabetic nephropathy-like changes, as well as crescents in the glomerulus (19) . Additionally, podocyte-specific disruption of mTORC1 complex during glomerular development resulted in secondary FSGS (19, 28) .
These studies show that the biological role of mTOR in the glomerulus may be context, dose, and cell type dependent. However, the impact of reducing mTOR activity on PEC response following abrupt podocyte depletion, and in the aging kidney, are not well delineated. The purpose of the present study was to determine the impact on PECs of reducing mTOR activity following an abrupt depletion in podocyte number that leads to glomerulosclerosis, as well as in a model of chronic podocyte loss and sclerosis in the aging kidney.
METHODS

Animals
For rapamycin studies, 12 (7 female, 5 male) 10-to 12-wk-old mice were used. For aging studies, 24-mo-old female mice (n ϭ 28) were obtained from the National Institute on Aging (Charles River). By the end of a further 10-wk treatment or control aging, these mice are considered advanced age, equivalent to humans aged 78 yr old (38, 55) . Three-month-old female mice (n ϭ 7) served as young control mice. In the aging study, only female animals were studied to exclude sex differences in life span. Mice were housed in the animal care facility of the University of Washington under specific pathogen-free conditions with ad libitum food and water. Animal protocols were approved by the University of Washington Institutional Animal Care and Use Committee (2968-04).
Experimental Acute Podocyte Depletion
Acute podocyte depletion (APD) was induced in mice (n ϭ 8) with a cytotoxic sheep anti-podocyte antibody, as previously described (60, 62) . Briefly, two doses of sheep anti-glomerular antibody, at 10 mg/20 g body wt, were dosed via intraperitoneal (IP) injection, 24 h apart. This cytotoxic antibody induces abrupt podocyte depletion, accompanied by glomerulosclerosis, as previously described (15, 43, 62, 63) .
Rapamycin Treatment
In the experimental APD group, mice were randomly assigned to rapamycin treatment (LC Laboratories, Woburn, MA) (8 mg/kg IP) or vehicle treatment from day 5 (D5) to D13 and were killed on D14 (n ϭ 4). Rapamycin blood concentration with this dose regimen has been previously described (30) . Normal baselines (n ϭ 4) were killed at D1 of the experiment. In the aging mice study, microencapsulated rapamycin (Rapamycin Holdings, San Antonio, TX) at a dose of 14 parts/million was added to standard chow (Purina) 1 wk (n ϭ 7), 2 wk (n ϭ 7), and 10 wk (n ϭ 7) before death at 26.5 mo of age. Control mice (n ϭ 7) received standard chow. Rapamycin blood concentration with both dose regimen has been previously described (9, 30) . At death, mice were perfused with 10 ml of ice-cold PBS to remove excess red blood cells. Kidneys were fixed overnight at 4°C in 10% neutral buffered formalin (Globe Scientific, Paramus, NJ), rinsed in 70% ethanol, processed, and embedded in paraffin.
Immunostaining
Immunoperoxidase staining was performed on 4-m tissue sections from mouse kidney biopsies fixed in formalin and embedded in paraffin. Sections were deparaffinized using Histoclear (National Diagnostics, Atlanta, GA) and rehydrated in a graded series of ethanol.
Antigen retrieval was performed by boiling in 10 mM citric acid buffer (pH 6.0 or 7.0) or in 10 mM EDTA buffer (pH 6.0). Nonspecific antibody binding was blocked using background buster (Accurate Chemical & Scientific, Westbury, NY) for 20 min at room temperature. When biotinylated secondary antibodies were used, endogenous biotin activity was suppressed with an avidin/biotin blocking kit (Vector Labs, Burlingame, CA). Mouse block was used for 20 min before mouse monoclonal antibodies. Antibodies were diluted in 1% IgG-free BSA (Sigma-Aldrich, St. Louis, MO) in PBS and incubated overnight at 4°C. Secondary antibodies and streptavidin conjugates were incubated for 1 h at room temperature.
For immunoperoxidase staining, endogenous peroxidase activity was blocked by incubation in 3% H 2O2 for 15 min. After primary antibody incubation and labeling with horseradish peroxidase, immunostaining was visualized by precipitation of diaminobenzidine (Sigma-Aldrich, St. Louis, MO). Periodic acid-Schiff (PAS) staining was performed as a counterstain, and slides were then dehydrated in ethanol and mounted with Histomount (National Diagnostics, Atlanta, GA). The following primary antibodies were used for immunoperoxidase staining: rabbit anti-p57 (Santa Cruz Biotechnology, Santa Cruz, CA) and mouse anti-ki67 (BD Bioscience, San Jose, CA). Single immunofluorescence staining was performed on 4-m tissue sections from tissue fixed in formalin and embedded in paraffin using the following primary antibodies: rabbit anti-paired box gene 8 (PAX8; Abcam, Cambridge, MA), rabbit anti-Src-suppressed C-kinase substrate (SSeCKS) (Abcam), and rat anti-claudin-1 (Abcam). Staining was detected using Alexa 488-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).
To discern staining of PECs on Bowman's capsule, double-immunofluorescence staining for mouse anti-␣-smooth muscle actin (␣-SMA) (Sigma)/rabbit anti-PAX8, rabbit anti-Notch-3/rabbit anti-PAX8, biotinylated goat-anti-collagen IV (Southern Biotech, Birmingham, AL)/rabbit anti-PAX8, rat anti-CD44/rabbit anti-PAX8, rabbit-anti-pS6RP (Abcam)/rabbit anti-PAX8, rabbit anti-platelet-derived growth factor receptor-␤ (PDGF␤R)/rabbit anti-PAX8, and rabbit anti-PDGF␤R/biotinylated goat-anti-collagen IV was performed in paraffin-embedded tissue. For podocyte detection, immunofluorescence staining for mouse anti-synaptopodin (Abcam) and rabbit pS6RP double was performed. pS6RP, PAX8, Notch-3, and PDGF␤R antibodies were detected using Alexa 488-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch). PAX8 was additionally detected using IgG (Vector Labs), in combination with Alexa 594 conjugated streptavidin (Life Technologies). CD44 was detected using biotinylated anti-rat (Vector Labs) and visualized with Alexa 594-conjugated streptavidin (Life Technologies). Synaptopodin and ␣-SMA were detected using biotinylated anti-mouse and visualized with Alexa 594-conjugated streptavidin (Life Technologies). Collagen type IV was visualized with Alexa 594-conjugated streptavidin (Life Technologies). Blocking with rabbit IgG Fab fragment (Jackson) fab fragment goat anti-rabbit IgG was performed between anti-rabbit primary antibodies. For all staining, omission of the primary antibody served as negative controls. Bright-field pictures for quantification were acquired with a Leica DMRB microscope (Leica, Wetzlar, Germany).
Images of fluorescent staining were acquired on a Leica TCS SPE II laser scanning confocal microscope.
Assessment of Glomerulosclerosis, Crescents, and Podocyte Depletion
Immunostaining was performed for p57 with PAS counterstaining to measure podocyte density and assess glomerulosclerosis, as previously reported (57, (61) (62) (63) . In brief, paraffin sections were processed as described above, with antigen retrieval in 1 mM EDTA, pH 8.0. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide, and sections were incubated overnight at 4°C with a primary rabbit anti-p57 (1:800, Santa Cruz Biotechnology), followed by rabbit on rodent HRP-polymer (Biocare Medical). Visualization of immunostaining was by precipitation of diaminobenzidine (Sigma-Aldrich, St. Louis, MO). Counterstaining was performed with PAS by washing slides in fresh 0.5% periodic acid (Sigma-Aldrich) for 8 min; washing for 5 min in double-distilled H 2O; sections were incubated for 10 min at room temperature with Schiff's reagent (Sigma-Aldrich); washing two times for 5 min in fresh 0.5% sodium metabisulfate (SigmaAldrich); and washing for 5-10 min under running tap water. Slides were dehydrated in ethanol and mounted with Histomount. An average of 40 ϩ 10 glomeruli in each animal was graded, as previously reported. Quantification of podocyte density was performed on p57/ PAS-stained sections, as described (57) . An average of 37 Ϯ 9 glomeruli was assessed for each animal. The number, diameter of podocytes, and area of glomerular cross section was measured with ImageJ (version 1.48, National Institutes of Health, Bethesda, MD), and scale bars were applied to all pictures using this software. Crescents were identified on PAS-stained sections as glomeruli with two or more layers of cells lining Bowman's capsule excluding the proximal tubular region.
Quantification and Unbiased Stereology Microscopy
Immunostaining was examined on a Lecia DMRB microscope, an EVOS FL Cell imaging system, and Leica TCS SPE II laser scanning confocal microscope.
Quantification of PEC Number
The number of PECs was assessed by PAX8 staining; PECs were identified as cells lining Bowman's capsule that showed strong nuclear staining. An average of 97 Ϯ 11 glomeruli was assessed for each animal. As the number of PECs was biased by changes in glomerular size, we also measured the Bowman's capsule length of each glomerulus. Using an unbiased stereology approach, we then calculated PEC density by dividing the number of PAX8-stained cells in individual glomeruli by the corresponding Bowman's capsule length in that glomerulus.
Quantification of pS6RP, Notch-3, Collagen IV Activity
The area of Bowman's capsule staining positive for pS6RP, Notch-3, and collagen IV staining was calculated using Image J (version 1.48, National Institutes of Health). Briefly, 8-bit images were inverted, and, with the same threshold on maximum entropy, each glomerulus was encircled carefully around Bowman's capsule, and this area was measured. The process was repeated again, measuring only around the glomerular tuft. The area positive for Bowman's capsule minus glomerular tuft was then calculated for 40 glomeruli per animal to give area positive for pS6RP, Notch-3, and collagen IV.
Quantification of PDGF␤R, ␣-SMA, and CD44
To exclude quantifying periglomerular PDGF␤R staining, the number of glomeruli positive for PDGF␤R on Bowman's capsule was calculated using double immunofluorescence staining for collagen IV to indicate the location of Bowman's capsule. Glomeruli were considered to be positive were PDGF␤R staining occurred within the urinary side of collagen IV staining. The number of glomeruli positive for ␣-SMA staining was calculated using double immunofluorescence staining for PAX8ϩ, and ␣-SMA with glomeruli considered positive where PAX8ϩ nuclei occurred within range of ␣-SMA staining. Forty glomeruli were assessed for the quantification of each antibody. A glomerulus was considered positive if there was at least one cell lining the Bowing's capsule that stained with the respective antibody.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6.0 (La Jolla, CA). A two-tailed unpaired Student's t-test was applied to compare means of groups, and P Ͻ 0.05 was considered statistically significant. Data are presented as means Ϯ SD.
RESULTS
APD Is Associated with an Increase in mTOR Activity in PECs
Because mTOR activates protein synthesis through phosphorylation of S6 kinase and pS6RP, pS6RP immunostaining is used as an indicator of mTOR activity (27) . Double-staining for pS6RP and PAX8 was performed to quantify the number of PECs with active mTOR (Fig. 1, A-D) . pS6RP staining was only occasionally present at baseline in PECs on Bowman's capsule (Fig. 1A) , but was higher following the induction of 
, C-F).
These results show that staining for the marker of mTOR activity, pS6RP, increased in PECs and in podocytes in a model of podocyte injury and acute depletion, and that rapamycin reduces pS6RP staining, consistent with reduced mTOR activity in both glomerular epithelial cell types.
Inhibition of mTOR in a Model of APD Does Not Change Podocyte Density
We next assessed the impact of inhibiting mTOR on podocyte density in this model of APD. Because our laboratory's previous studies showed podocyte depletion and albuminuria was established at D5 APD (15), rapamycin, a specific inhibitor of the mTORC1 pathway, was only started at D5 APD to test the impact on podocyte density at a later time point (D14). 
Inhibition of mTOR in APD Results in Higher Glomerulosclerosis
Overall, the number of injured glomeruli was increased in rapamycin-treated mice with crescents, synechiae, and thrombosis of capillaries present (Fig. 3, A-C) . The severity of glomerulosclerosis was measured by scoring 55 Ϯ 6 glomeruli on a scale of 0 -4.
Glomerulosclerosis was higher in mice treated with rapamycin at D14 [0.89 Ϯ 0.07 (D14 APD) vs. 1.23 Ϯ 0.09 (D14 APD ϩ rapamycin), P ϭ 0.04] (Fig. 3D) . Moreover, the number of severely damaged glomeruli, i.e., glomeruli with a score of 4, was higher in the rapamycin group (Fig. 3E) . These results show that, when mTOR activity was significantly lowered in PECs and in podocytes, glomerulosclerosis was significantly more severe.
PEC Density Is Increased by mTOR Inhibition in Model of APD
PAX8 staining was used as a marker to identify PECs, from which PEC density was calculated (Fig. 4, A-D) . Experimental APD was associated with a higher number of PAX8ϩ cells on Bowman's capsule at D14 [6.0 Ϯ 1 (baseline) vs. 11.32 Ϯ 0.5 PAX8ϩ cells/mm Bowman's capsule length (D14 APD), P ϭ 0.001] (Fig. 4, A, B, and D) . PEC density was higher in rapamycin-treated APD mice compared with nontreated APD mice at D14 [11.32 Ϯ 0.5 (D14 APD) vs. 16.52 Ϯ 1.0 PAX8ϩ cells/mm Bowman's capsule length (D14 ϩ rapamycin), P Ͻ 0.05] (Fig. 4, A-D) . Consistent with this, the number of proliferating cells on Bowman's capsule, measured by ki67 immunostaining, was higher at D14 APD compared with baseline [0.02 Ϯ 0.007 (baseline) vs. ϩ0.23 Ϯ 0.06 ki67 ϩ on Bowman's capsule/glomerulus (D14 APD), P Ͻ 0.05] (Fig. 4, 
E, F, and H).
However, the number of ki67 ϩ cells/glomerulus on Bowman's capsule did not differ between animals with APD, with and without rapamycin treatment [0.23 Ϯ 0.06 (D14 APD) vs. 0.17 Ϯ 0.01 ki67 ϩ on Bowman's capsule/glomerulus (D14 ϩ rapamycin), P ϭ 0.4] (Fig. 4, F-H) . glomeruli with cellular crescents was higher [8.7 Ϯ 1.0 (D14) vs. 18.77 Ϯ 3.1% (D14 APD ϩ rapamycin), P ϭ 0.02] (Fig.  5A) . Cells in the crescents did not stain for the podocyte markers p57 and synaptopodin (Fig. 5, B and C) . SSeCKS and claudin-1 staining mark PECs (8) . In a proportion of glomeruli with crescents, SSeCKS expression remained in the PEC, covering the urinary aspect of the crescent, and its expression was lower in the cuboidal layers of cells below this (Fig. 5D ). SSeCKS expression in another proportion of crescents was absent. This pattern of expression was similar for claudin-1 in crescents (Fig. 5E ). All crescents stained positive for PEC marker PAX8 (Fig. 5F ). There was no difference in the number of p57 ϩ cells present on Bowman's capsule in APD mice with and without rapamycin (data not shown). These results showed that reducing mTOR in a model of APD was accompanied by increased crescents, comprising PECs but not podocytes.
Mesenchymal Markers in PECs Are Higher in APD Mice
Given Rapamycin ␣-SMA. The PECs response to primary podocyte damage includes an increase in mesenchymal marker expression, thought to be part of a maladaptive repair sequence (39, 48) . Double immunofluorescence staining was performed on kidney sections for de novo expression of ␣-SMA and PDGF␤R. PAX8 was co-stained with ␣-SMA so that Bowman's capsule could be identified accurately. At D14 APD, the number of glomeruli with PEC positive for the mesenchymal markers of podocytes identified by p57 staining (brown nuclear stain, arrowhead) in sections counterstained with periodic acid Schiff stain from mice D14 APD given rapamycin. Dashed arrows indicates a crescent that is negative for p57. C: podocytes identified by synaptopodin staining (brown nuclear stain, solid arrow) in sections counterstained with periodic acid Schiff stain from mice D14 APD given rapamycin with crescent negative for synaptopodin staining (dashed arrow) but nonaffected area positive for synaptopodin (solid arrow). Representative image is at ϫ200 magnification. D: PECs identified by Src-suppressed C-kinase substrate (SSeCKS) staining (brown cytoplasmic stain on periodic acid Schiff background) in a glomerulus with a crescent indicated by dashed arrow at high power (ϫ400). In the region of the crescent, PEC cells are cuboidal and stained positive for SSeCKS (solid arrow). E: crescent is positive for PEC marker claudin-1. Representative confocal microscopy image is of a glomeruli at high power (ϫ400) stained for claudin-1 (green, cytoplasmic). Nuclei were stained blue with 4=,6-diamidino-2-phenylindole (DAPI). Crescent is indicated by dashed white arrow. White solid arrow indicates claudin-1 staining on cytoplasmic border of PEC cell. F: representative confocal microscopy image of a glomerulus at high power (ϫ400) stained for paired box gene 8 (PAX8; green) with DAPI nuclear stain. A crescent, indicated by dashed white arrow, is positive for PEC marker PAX8.
␣-SMA was increased [5.6 Ϯ 1.2 (baseline) vs. 26.0 Ϯ 4.3% (D14 APD), P Ͻ 0.0001] (Fig. 6, A (Fig. 6, B-D) . Notch-3. Notch-3 signaling is activated in epithelial-mesenchymal transition and is an important signaling pathway for determining cell fate and differentiation (33, 37, 40, 56) . (Fig. 6, E and F-H) . Notch-3 staining was augmented in PECs by rapamycin treatment [200.0 Ϯ 26.1 (D14 APD) vs. 341.9 Ϯ 43 m 2 (D14 APD ϩ rapamycin), P ϭ 0.008] (Fig. 6, F-H) . PDGR␤R. PDGR␤R was co-stained with collagen IV so that Bowman's capsule location could be identified accurately. This was particularly important for PDGF␤R, as this was strongly staining in the periglomerular region in addition to the expression on Bowman's capsule (3). We defined glomeruli with PDGF␤R positive for PECs as PDGF␤R signal on the urinary aspect of the collagen IV staining (45) . PDGF␤R co-staining adjacent to PAX8ϩ cells on Bowman's capsule was also established (Fig. 7, D and E) . The number of glomeruli positive for PDGF␤R in PECs at D14 APD was increased [30.9 Ϯ 3.3 (baseline) vs. 52.7 Ϯ 4.7% (D14 APD), P ϭ 0.008] (Fig. 7, A and B) and was higher in rapamycin-treated mice with APD compared with untreated APD mice [52.7 Ϯ 4.7% (D14 APD) vs. 66.6 Ϯ 2.0% (D14 APD ϩ rapamycin), P ϭ 0.03] (Fig. 7,  B-D) .
Taken together, these results show that reducing mTOR activity in experimental APD is temporally associated with increased staining for the mesenchymal markers ␣-SMA, Notch-3, and PDGF␤R in PECs.
PEC Activation Is Higher in Rapamycin-Treated APD Mice
CD44 staining is used as a marker of PEC activation (52) . As our laboratory previously reported in this model of APD (7), CD44 staining is increased de novo in PECs (Fig. 8, A, B,  and D) . The number of glomeruli with PECs staining for CD44 was further increased following rapamycin treatment [26.8 Ϯ 6.8 (D14 APD) vs. 71.2 Ϯ 4.8% (D14 APD ϩ rapamycin), P ϭ 0.008] (Fig. 8, B-D) . CD44 staining was present within crescents and synechiae of both groups (Fig. 8, C and D) . at D14 APD, ␣-SMA staining was increased along Bowman's capsule. B=: when the inset is viewed under higher power, the results show PAX8ϩ nuclear staining with ␣-SMAϩ cytoplasmic staining in the same cell. C: ␣-SMA staining is higher after rapamycin treatment than D14 APD. Area in dashed box shows a crescent with PAX8ϩ nuclear staining with ␣-SMAϩ cytoplasmic staining in the same cells to indicate a glomerulus positive for ␣-SMA. This is shown magnified in C=, and single channels are shown to the right. D: graph showing percentage of glomeruli positive for ␣-SMA along Bowman's capsule was significantly higher at D14 APD ϩ rapamycin compared with baseline and D14 APD. E-H: confocal microscopy showing immunofluorescent double staining for Notch-3 (green, arrow) and PAX8 (green, nuclear, solid arrow) (magnification: ϫ400). Confocal microscopy (magnification ϫ400) showing immunofluorescent double staining for Notch-3 (green, cytoplasmic, arrow) and PAX8 (red, nuclear, arrowhead) was used to better demarcate Bowman's capsule. Nuclei are stained blue with DAPI. Scale bars are provided. E: staining for Notch-3 was present on PEC border (arrow) and glomerular tuft (arrowhead) at baseline in many glomeruli. This is shown in E= and as single-channel images to the right. F and F=: the area positive higher in both PECs (arrow) increased at D14 APD. G: Notch-3 staining was augmented in PECs (arrow) by rapamycin treatment within the crescentic area, as indicated by multilayers of PAX8ϩ PECs. This is shown in G= and in single channels to the right. H: graph showing area on Bowman's capsule positive for Notch-3 increased at D14 APD compared with baseline and was significantly higher at D14 APD ϩ rapamycin compared with baseline and D14 APD. Area positive for Notch-3 was calculated in cubic micrometers, as the number of glomeruli positive was high at baseline but area positive appeared increased. N ϭ 4/group. P Ͻ 0.05 for significance, Student's T-test between groups.
Collagen IV is a major component of the basement membrane that is deposited by PEC cells with levels increasing in response to glomerular injury (26, 53) . As expected, the area positive for collagen IV staining on Bowman's capsule increased following induction of APD [56.4 Ϯ 10.5 (baseline) vs. 114.9 Ϯ 12.5 m 2 (D14 APD), P ϭ 0.01], and this was further increased in mice given rapamycin [114.9 Ϯ 12.5 (D14 APD) vs. 174.6 Ϯ 15.2 m 2 (D14 APD ϩ rapamycin), P ϭ 0.01] (Fig. 8, E-H) . Taken together, lowering mTOR was accompanied by PEC activation and increased matrix accumulation in experimental APD.
PEC Density and Glomerular Crescents Increase in Aged Kidneys Following mTOR Inhibition
Given the aforementioned findings in an acute model of glomerulosclerosis and podocyte depletion, we next assessed mTOR within PECs in the aged mouse kidney. Because inhibition of mTOR with rapamycin on PEC in an acute model of glomerulosclerosis increased glomeruli with a crescentic appearance in the setting of increased PEC density, we assessed whether inhibition of mTOR with rapamycin in aging would also lead to an increase in glomeruli with sclerosis, crescentic appearance, and an increase in PEC density. Accordingly, 26.5-mo-old mice were treated with microencapsulated rapamycin for 1, 2, or 10 wk before death. The dose of mTOR given was 14 ppm in chow diet, and this has been previously described to result in a moderate reduction (15-30%) in mTOR activity, as measured by the ratio of pS6RP to total S6RP within the kidney, as well as to a 14% increase in maximal lifespan when administered continuously beginning at 18 mo of age (23, 64) . Glomerular mTOR activity (measured by pS6RP staining) increased in aged PECs (identified by PAX8 double-staining), with the average area positive for pS6RP on Bowman's capsule border per glomerulus increasing from mice aged 3 mo compared with mice that were 27 (Fig. 9, A and C-G) .
PEC density is lower in aged mice (45) , which we also found in this study [17. 16 Ϯ 1.13 (3 mo) vs. 8.79 Ϯ 0.67 PAX8ϩ cells/mm Bowman's capsule length (26.5 mo), P Ͻ 0.001] (Fig. 9, B, D, and E) . However, PEC density increased following rapamycin treatment [8. (Fig.  9, B and H) . The number of glomeruli with a crescentic appearance as defined by two or more layers of cells on Bowman's capsule was increased in all three groups treated with rapamycin compared with 26.5-mo-old mice not given rapamycin (Fig. 9C and Fig. 10, C-F) . Aging is associated with chronic glomerulosclerosis and chronic podocyte depletion. Average podocyte number per glomerulus was lower in 26.5-mo-old control mice compared with 3-mo-old mice (Fig. 10, A, C, and D) [10.85 Ϯ 0.43 (3 mo) vs. 6.27 Ϯ 0.32 p57 ϩ cells/glomerulus (26.5 mo), P Ͻ 0.0001]. Additionally, rapamycin treatment for 1, 2, and 10 wk in aged mice resulted in greater sclerosis (Fig. 10B ), but podocyte number was not significantly difference from aged mice.
DISCUSSION
In recent years, several studies have suggested that mTOR signaling within the glomerulus has effects on the PEC phenotype (6, 19, 35) , and that mTOR activity increases in PECs in response to glomerular injury (22) . The purpose of this study was to evaluate the effect of inhibiting mTOR on the PEC response to an experimental model of APD and in the aged kidney.
We first needed to establish glomerular mTOR activity in this model of experimental APD. The pattern of pS6RP staining within the glomerular tuft, together with co-staining for synaptopodin, suggests podocyte expression of active mTOR. This is consistent with other studies that indicate an important role of mTOR in podocyte function in Adriamycin-induced nephropathy, puromycin-induced nephropathy, and crescentic GN models in rats (19, 22, 24, 27, 28, 31) . mTOR activity was also increased in PECs in this model of APD. Taken together, our findings that mTOR activation is increased in PECs and glomerular tuft is consistent with mTOR activation as a common reactive mechanism through which glomerular epithelial cells respond to glomerular injury.
To better understand the impact of active mTOR following ADP, we administered rapamycin to lower mTOR signaling only after podocytes were significantly depleted. The results show that, at the concentration given, rapamycin lowered mTOR activity. Our second finding was that glomerulosclerosis was increased in rapamycin-treated APD mice, and that the number of glomeruli with more severe injury was higher at D14 when rapamycin treatment is started at D5. Despite this, podocyte density was similar among APD mice with and without rapamycin. Podocyte density, rather than podocyte number, was calculated to ensure an artificially higher number of podocytes would not be calculated, if rapamycin treatment resulted in changes in glomerular volume. However, there was no change in glomerular tuft volume in this model, either with or without rapamycin, as previously shown (32) .
Importantly, we initiated rapamycin treatment on D5, as we had established from previous studies that podocytes were significantly depleted at this time in the current model (15) . The timing of rapamycin administration appears to be an important contextual determinant of whether greater damage or improvement occurs in response to injury (44) . From our study, inhibiting mTOR following podocyte depletion worsens glomerulosclerosis. Noteworthy is the fact that the higher glomerulosclerosis is not due a greater fall in podocyte number. The lack of a drop in podocyte number in mice treated with rapamycin was, therefore, an unexpected finding, given the augmented glomerular injury.
Given the podocyte results, we focused on PECs as a possible explanation of the findings. Our third finding was that PEC density was higher at D14 in mice with APD treated with rapamycin compared with untreated mice at the same time point. This was despite there being no difference in expression of the proliferation markers ki67 or phosphohistone H3 on Bowman's capsule between D14 APD and D14 APD ϩ rapamycin. This suggest that, if proliferation did occur, then it occurred early on after rapamycin exposure. Consistent with this, changes in PEC density were noted after 1 wk of rapamycin treatment in the aged mice. Of note, PEC density did not increase beyond this after 2 wk of treatment and was no different to similarly aged mice after 10 wk of treatment. To ensure that changes in PEC density was simply not due to alterations in the length of Bowman's capsule, the number of PAX8ϩ cells/Bowman's capsule length was calculated. In studies on PEC number and density performed by our group, absolute PEC number was lower in aged mice, but PEC density was higher in aged mice due to changes in Bowman's capsule length with age (15) . In both experimental groups, we found the percentage of glomeruli with crescents increased when mTOR was reduced, and PEC density increased in rapamycintreated mice with APD, which was accompanied by an increase in glomerular crescents in this model. Indeed, a major cell type making up the crescents were PECs, identified as PAX8ϩ, podocyte marker negative cells. Genetic manipulation of the mTOR pathway has resulted in crescent formation in other models (31, 35) . For example, podocyte-specific deletion of tuberous sclerosis complex, a negative regulator of mTOR signaling resulting in hyperactivated mTOR, resulted in crescentic appearance of glomeruli (35) . Conversely, complete inhibition of mTOR signaling by podocyte-specific knock down of raptor and rictor, essential components of mTOR signaling, also resulted in crescent formation within the kidney (19) . Micro-RNA-21 activity leads to increased mTOR activity through inhibition of phosphatase and tensin homolog (14) and anti-Mir21 oligonucleotide treatment of an Alport's nephropathy model in mice resulted in reduced number of crescents, with a reduction of pS6RP expression in PECs (unpublished observation; Ref. 18 ). Finally, anti-neutrophil cytoplasmic antibody, anti-glomerular basement membrane, and IgA-mediated crescentic lesions in humans show increased mTOR signaling, as evidenced by pS6RP within the crescent (35), while there is one case report describing the development of necrotizing GN with crescents in response to late everolimus conversion from calcineurin inhibitor in a transplant patient (41) . Activation of PECs following podocyte depletion is consistent with a pathway by which scarring occurs in the setting of FSGS (21, 51) . We noted the increase in CD44 and collagen IV expression with FSGS at D14 was further increased postrapamycin treatment, consistent with greater injury in the glomerulus. Crescents may be another marker for PEC activation, and, indeed, crescents are recognized to occur in many glomerular diseases outside of anti-neutrophil cytoplasmic antibody and anti-glomerular basement membrane GN, including fibrillary GN, IgA, postinfectious GN, C3 glomerulopathy, lupus, and membranous nephropathy (29) .
Our fourth finding was that rapamycin treatment in APD resulted in greater staining for several mesenchymal markers (␣-SMA, PDGF␤R, Notch-3). We speculate that these findings suggest that mTOR activity in the glomerular tuft in response to APD is needed to keep PECs from overresponding to injury, reducing activation, dedifferentiation, and scarring. This is consistent with other studies, both in animal and humans, that mTOR inhibition leads to greater injury (17) . For example, rats treated with rapamycin immediately after adriamycin-induced FSGS developed glomerular necrosis, while a pilot study of rapamycin in FSGS was halted due to worsening proteinuria and decline in glomerular filtration rate (11) . mTOR signaling in the glomerulus appears to be part of an important crosssignaling pathway modulating PEC response with regard to number, phenotype, and migration to podocyte injury.
We attempted to further delineate candidate mechanisms of the aforementioned in vivo results by directly applying rapamycin to mouse PECs in culture. However, this maneuver did not affect PEC proliferation, which suggests that direct mTOR inhibition alone was not sufficient to influence PEC proliferation. We can, therefore, only speculate on the role of mTOR on PECs in the present studies. One possibility is because rapamycin causes apoptosis of activated PECs, followed by compensatory proliferation of neighboring PECs, which then form a crescent (49 have shown that activated PECs are positive for both pERK and CD44 (15) . However, we found no difference in pERK expression in glomeruli or PECs treated with rapamycin (data not shown). Finally, aging in the kidney is characterized by several morphological features, including progressive glomerulosclerosis and chronic podocyte depletion (25) . In the present study, mTOR activity was higher in PECs in 26.5-mo-old mice compared with younger control mice of 3 mo. Mice at 26.5 mo of age correspond to 78-yr-old humans, and changes in PEC morphology in this model have been previously described (45) . In the study by Roeder et al. (45) , the number of glomeruli positive for pS6RP did not differ between young and old mice significantly. However, by calculating the area positive on Bowman's capsule for pS6RP, which is more sensitive, we now find that mTOR activity in PECs is higher in older mice compared with younger mice. This is not surprising, given changes that occur in the glomeruli with age, including size of glomeruli increasing with age due to compensatory hypertrophy. mTORC1 is thought to be a critical component in the kidney's response to hypertrophy. When pS6RP was rendered inactive by making it unphosphorylatable, compensatory hypertrophy in response to uninephrectomy was prevented (59) . Compared with mice aged 26.5 mo, aged-matched mice treated with rapamycin for 1, 2, or 10 wk before death had an increase in the number of glomerular crescents. This is an intriguing finding, especially as there was not a complete reduction in mTOR signaling in PECs within the glomerulus. It indicates that PEC cells are very responsive to changes in mTOR activity in other cells within the kidney.
This study has a number of limitations that must be acknowledged. First, inhibition of the mTOR pathway was through rapamycin. Thus, because a whole body reduction in mTOR activity occurred, it is not possible to delineate the signal from which PEC number was increased. Based on previous studies, we can hypothesize that it is from podocytes, but it could equally be from changes in endothelial cells or even outside the glomerulus. Second, the study is mainly descriptive, limiting the determination of mechanisms by which changes in mTOR activity in the glomerular tuft leads to alterations in PEC phenotype. Finally, the rapamycin dose that was used in the aging study reduced mTOR activity initially: it was not sustained in PEC or glomerular cells, at least as measured by pS6RP expression. Despite these limitations, the current studies in two models suggest that PECs are exquisitely sensitive to mTOR signaling in the setting of podocyte loss or injury. This study adds to a growing body of literature linking mTOR signaling to PEC-derived crescents. Better understanding of how mTOR pathway signaling positively or negatively affects all cells of the glomerulus is key to bringing better therapeutic use of mTOR inhibitors to patients. The remarkable longevity and excellent renal function experienced by some transplant patients who are treated with rapamycin as their immunosuppressant is a clinical holy grail, but understanding why other patients experience new onset proteinuria, decline in glomerular filtration rate, and dedifferentiation of podocytes may lead to methods to circumvent this occurring or predict who is likely to better benefit from agents that affect this pathway (1, 2, 20, 27 ). 
